| INTRODUCTION
Tail-anchored (TA) proteins comprise 3% to 5% of all eukaryotic membrane proteins. 1 They are characterized by a single transmembrane segment (TMS) at the C-terminus that serves as both a targeting signal and an anchor of the protein to the membrane, leaving the N-terminal part exposed to the cytosol. TA proteins participate in a broad range of processes from organelle fission, contact site formation, protein import and apoptosis to vesicle targeting and antiviral response. [2] [3] [4] [5] As the TMS of TA proteins is synthesized as the last part of the protein, the targeting of these proteins to their corresponding compartment is performed posttranslationally. 1 TA proteins are inserted from the cytosol to peroxisomes, the mitochondrial outer membrane (MOM), or the endoplasmic reticulum (ER). From the latter compartment, they are distributed to the plasma membrane or other compartments of the secretory pathway. 2 Segregation to the right organelle is believed to be achieved via different composition of the TMS. The TMS and its flanking residues of TA proteins, which are found solely in the MOM, are less hydrophobic and have a reduced helical content compared to those of ER TA proteins (a signal that is recognized by the guided entry of TA proteins [GET] pathway). Furthermore, the C-terminal element (CTE) of such MOM TA protein is less charged than that in tail-anchors of peroxisome proteins (a signal which is recognized by Pex19). [6] [7] [8] To prevent the TA proteins from aggregation, various cytosolic factors are ensuring their proper folding and delivery to the ER or peroxisomes. 6 In the budding yeast Saccharomyces cerevisiae, targeting of TA proteins to the ER is primarily mediated by the GET pathway. However, alternative routes such as the Hsp40/Hsp70-mediated pathway, the signal recognition particle (SRP) pathway or the recently discovered SND (for SRP-independent targeting) pathway were also reported. [9] [10] [11] [12] Peroxisomal targeting of membrane proteins is believed to be facilitated by the peroxisomal targeting chaperone Pex19 and its membrane receptor Pex3. [13] [14] [15] Pex19 binds peroxisomal TA proteins and proteins carrying a peroxisomal membrane targeting signal and stabilizes them in the cytosol. 16, 17 According to the semiautonomous peroxisome biogenesis model, Pex19 targets peroxisomal proteins in two different ways. 18 It either delivers them directly to the peroxisomes or transfers them to Pex3, which in turn inserts the proteins to the membrane, or it promotes, together with Pex3, the budding of early peroxisome from ER subdomains. Such early peroxisomes may already contain some peroxisomal membrane proteins. 19, 20 Despite relative extensive knowledge regarding the delivery of TA proteins to other compartments, cytosolic factors that are involved in the import of TA proteins to mitochondria have not been identified.
Previous reports raised many questions regarding the existence of targeting and receptor/insertion machineries for mitochondrial TA proteins. On the one hand, levels of yeast mitochondrial TA proteins such as the small Tom complex subunits, Tom5, Tom6 and Tom7, were dependent on Mim1, Mas37/Sam37 and Tom receptors. [21] [22] [23] [24] [25] On the other hand, import of other TA proteins like Omp25, Bak and
Bcl-X L in mammals was completely independent of the Tom subunits and of any protease accessible protein on the surface of the mitochondria. 22, 26 Likewise, the import of Fis1 in yeast cells was unaffected by deletion of subunits of the import complexes TOM or TOB/SAM and by digestion of any protease accessible protein on the mitochondrial surface. Accordingly, in vitro import assays of MOM TA proteins demonstrated that Fis1 can insert into liposomes in an unassisted manner. 27 Such an insertion could be facilitated by the specific lipid composition of the MOM that contains in particular low ergosterol levels. Accordingly, reduction of ergosterol levels in ER membranes was shown to lead to mislocalization of the MOM TA proteins
Gem1 and Fis1 to the ER. 3 These reports raise doubts about the necessity of membrane receptors for MOM TA insertion and suggest that the small TOM subunits might follow a unique import pathway.
Studies on the early stages of the import of mitochondrial TA proteins in mammalian cells suggested that such proteins do not need any cytosolic factors for membrane integration although some level of folding seems to be required. 22, 28 These observations led to the hypothesis that the TA proteins are able to spontaneously insert into the mitochondria lipid bilayer but cytosolic factors are necessary to keep the hydrophobic TMS in an import competent state.
2 Surprisingly, many of the MOM proteins are shared between organelles, especially with peroxisomes. 4 TA proteins comprise a significant part of the mitochondria and peroxisomes common membrane proteins. In humans, OMP25, Bcl-2, Bcl-XL, MAVS, GDAP1, Mff, Fis1 and the Gem1 homologs Miro1 and Miro2 have been identified in both compartments. 7 In yeast, such extensive studies were not performed leaving Fis1 as the only reported peroxisome-mitochondria localized TA protein. 29, 30 Of note, the signal-anchored protein Msp1/ATAD1, which is involved in removal of mistargeted TA proteins, is also dual localized to both compartments, further underscoring the importance of TA proteins in the peroxisomal membrane. 31, 32 Such dual localization is not surprising considering that peroxisomes are functionally related to mitochondria and harbor many similarities to mitochondria dynamics. 4 Loss of function of one of the peroxisomal biogenesis genes like PEX19 leads to severe human disorders including the lethal Zellweger syndrome. 33, 34 These disorders are not only characterized by peroxisome dysfunction but also result in functional alteration in mitochondria. [35] [36] [37] Such similarities together with the fact that TA proteins are shared between mitochondria and peroxisomes led us to investigate whether Pex19 can be involved in mitochondrial TA import. Here, we report that cytosolic Hsp70 and Pex19 are both required for MOM TA biogenesis. In addition, we demonstrate that the TA protein Gem1
and subpopulation of Pex19 are dual localized to mitochondria and peroxisomes. These results strengthen our understanding of the interplay between mitochondria and peroxisomes functions. Figure 1A ). The levels of the MOM protein Porin were similar at both temperatures and in both strains and so
Porin was used as a loading control in these experiments. Of note, levels of the mitochondrial matrix protein Aconitase were slightly reduced in Ssa2-4Δ + SSA1ts strain upon heat-shock inactivation of Ssa1. Aconitase import might thus partially depend on cytosolic Hsp70s, similarly to some other presequence-containing mitochondrial proteins. 39 We next wanted to substantiate these findings by an additional method and employed an established assay for the in organello import of the TA protein Fis1. 27 To monitor for a potential involvement of Hsp70, we added to the import reaction a known inhibitor of Hsp70, Mal3-101, which is a small molecule that inhibits Hsp70 adenosine triphosphatase (ATPase) activity. 40 In our assay, a Fis1 variant with a cysteine residue within the TMS (Fis1-TMC S148C ) was incubated with Figure 1B,C) . In contrast, import of pSu9-DHFR, which is known not to require chaperones, was unaffected ( Figure 1C ). Taken together, these results indicate that the cytosolic Hsp70 chaperone Ssa1 is interacting with newly synthesized Fis1 and promotes its biogenesis.
To investigate further the involvement of cytosolic factors in Fis1 biogenesis, the effect of deletion of the Hsp70 cochaperone Sti1 on mitochondrial levels of Fis1 was examined. Previously, we observed reduced Fis1 levels in whole cell lysate of sti1Δ cells. 41 Analysis of mitochondria isolated from either sti1Δ or wild type (WT) cells revealed that at both normal (30 C) and elevated temperature (37 C) the levels of Fis1 are significantly reduced in the organelles from the mutated cells ( Figure 2 ). In contrast, the levels of other MOM proteins like Tob55 or Tom70 were only marginally, or not at all, affected by this deletion (Figure 2 ). We conclude that the Hsp70-Sti1 complex is directly involved in Fis1 biogenesis.
| Pex19 affects mitochondrial morphology and function
As only a partial reduction of the mitochondrial Fis1 levels upon hampering the Hsp70 function was observed, we realized that there is probably an alternative pathway to support stabilization of newly synthesized mitochondrial TA proteins. Pex19 is known to bind TA proteins shared between mitochondria and peroxisomes like Fis1. 42 , 43 Hence, we evaluated the effects of PEX19 deletion on mitochondrial morphology and functionality. Fluorescence microscopy analysis of mitochondrial morphology employing mitochondrially targeted GFP (mtGFP) revealed that the number of cells with abnormally shaped mitochondria is significantly increased in pex19Δ strain as compared to WT ( Figure 3A,B) . In a fraction of the mutated cells, the shape of these abnormal mitochondria resembled the morphology of mitochondria with impaired fission.
In addition, growth of the pex19Δ strain was slightly impaired on a nonfermentable carbon source, when fully functional mitochondria are required ( Figure 3C ). This growth defect was even more severe at elevated temperature supporting the chaperone-like function of Pex19. Of note, growth of the deletion strain on fermentable carbon source was normal. As expected for a protein required for proper peroxisome biogenesis, the absence of Pex19 resulted in severe growth defect on media containing the fatty-acid oleate as a carbon source ( Figure 3C ). Collectively, these experiments demonstrate the requirement of Pex19 for normal mitochondrial function and morphology.
| Pex19 is involved in the import of Fis1 to mitochondria
To determine if Pex19 could be directly involved in the biogenesis of mitochondrial TA proteins, we monitored the steady-state levels of Fis1. Of note, the levels of Fis1 were not affected in the whole cell extracts of cells deleted for PEX19 or overexpressing Pex19
( Figure 4A ). In contrast, they were significantly decreased in the lead to an increase of its mitochondrial levels, nor becomes more unstable and gets degraded.
To assure that our results are not biased by massive contamination of the mitochondria-enriched fraction by peroxisomes, we monitored the purity of the isolated mitochondria under various centrifugation conditions. As the density of peroxisomes is slightly lower than that of mitochondria, we observed that the content of peroxisomes in the pelleted fraction is increasing with elevated centrifugation speed ( Figure S2A ). Pelleting mitochondria by centrifugation at 2000g resulted in a very poor yield but in relatively less peroxisome contamination. Of note, also under these conditions, we observed reduced amounts of Fis1 in the pex19Δ mitochondrial fraction ( Figure S2B ). These findings indicate that the observed reduction of Fis1 in mitochondria from pex19Δ cells is independent of peroxisome contamination. Furthermore, under the fermentative conditions that we employed, the overall mass and number of peroxisomes in the cells were very low.
| Double deletion of PEX19 and STI1 does not cause additive effect on the biogenesis of Fis1
The aforementioned observations that the deletion of both STI1 and PEX19 resulted in reduced biogenesis of Fis1 raised the question whether these proteins are involved in the same import route of Fis1 or in two parallel independent pathways. To address this issue, we created a strain lacking both proteins (pex19Δ/sti1Δ) and analyzed its growth on various carbon sources. We did not detect a synthetic genetic interaction between these genes; the growth retardation of the double-deletion strain appeared to be the additive effect of the growth defects of the single-deletion strains ( Figure 5A ). Moreover, the steady-state levels of Fis1 in the doubledeletion strain were similar to those in the STI1 single-deletion strain ( Figure 5B and Pex19 might be involved in the same pathway.
| Pex19 is required for optimal biogenesis of Gem1
Next, we wanted to extend our investigation to another mitochondrial TA protein, namely, Gem1. We transformed a plasmid encoding Gem1-HA into cells deleted for PEX19 or overexpressing the protein. In contrast to the situation with Fis1, we observed already in whole cell extracts lower levels of Gem1-HA in cells lacking Pex19
and slightly higher amounts, although not significant, in cells Mitochondria-enriched fractions were isolated, and subjected to SDS-PAGE followed by immunoblotting with antibodies against the indicated proteins. Tob55 was used as a loading control. Lower panel:
The intensities of bands from three independent experiments as described in the upper panel were quantified and the protein levels in WT cells were set to 100%. The levels of Fis1 were normalized to those of Tob55 that served as a loading control. Error bars represent AESD. *, P < 0.005 harboring elevated amounts of Pex19 ( Figure 6A ). This trend was even clearer when mitochondria-enriched fractions were analyzed ( Figure 6B ). Of note, elevated levels of Pex19 resulted in higher amounts of mitochondrial Gem1 on two different genetic backgrounds (BY4741, Figure 6B and W303, Figure S4A ). The levels of the control MOM proteins Porin, Tom40 and Tob55 were not affected by the alterations in Pex19 amounts (Figure 6A ,B; Figure S4 ). Importantly, the reduction in the Gem1 steady-state levels was independent of the position of the tag. N-terminally tagged GFP-Gem1 displayed similar compromised steady-state levels in mitochondria-enriched fraction isolated from pex19Δ cells ( Figure S4B ). Thus, we conclude that Pex19 influences the biogenesis of Gem1, similar to that of Fis1.
| The TA region of Gem1 is sufficient for recognition by Pex19
The tail-anchor segment of TA proteins is necessary and sufficient for the proper biogenesis of these proteins. 2 Therefore, we asked whether this segment is sufficient for the recognition by Pex19. To that aim, we expressed the TMS of Gem1 fused to GFP (GFP-Gem1 integration of Fis1-TMC was monitored by its accessibility to the sulfhydryl modifier IASD whereas that of Gem1 by resistance to alkaline extraction. Importantly, the efficiency of import of both proteins was hampered in the absence of Pex19 ( Figure 7A,B) . In contrast, the import of the matrix destined precursor protein, pSu9-DHFR was not affected under these conditions ( Figure 7C ). We conclude that Pex19 assists the import of Fis1 and Gem1 into the MOM.
| Pex19 interacts directly with Fis1 and Gem1
The aforementioned findings indicate that Pex19 is required for the optimal biogenesis of both Fis1 and Gem1. Next, we wanted to determine whether these effects reflect direct interaction of Pex19 with these substrate proteins. To that aim, we expressed the recombinant proteins glutathione S-transferase (GST)-Pex19 and GST (as a control) in Escherichia coli cells and purified them by affinity chromatography. Then, these proteins were incubated with lysed mitochondria and interacting proteins were monitored by pull-down with glutathione beads. Interestingly, Fis1 and HA-Gem1 interacted with GST-Pex19 but not with GST alone, although higher amounts of the latter were bound to the beads. Other OM proteins like Tom22 or
Porin coeluted with neither GST-Pex19 nor GST alone ( Figure 8A,B) .
Hence, we conclude that Pex19 can interact directly and specifically Thus, Gem1 in yeast is also dual localized to mitochondria and peroxisomes and its TMS is sufficient to mediate such dual targeting.
Of note, many colocalization sites were found on the mitochondrial tubules representing most probably peroxisome-mitochondria contact sites and such colocalization foci were not included in our quantifications. Hence, our estimation of the fraction of cells with peroxisomal location of either Fis1 or Gem1 is probably much lower than the real number.
Observing the dual localization of both substrates of Pex19 (Fis1 and Gem1), we wondered whether Pex19 itself can also be associated with both organelles. We reasoned that fluorescence microscopy will result in a large background signal of cytosolic Pex19 and therefore, we avoided this method. We isolated an organelle mixture from WT cells and separated this material by sucrose gradient to obtain fractions enriched in either mitochondrial or peroxisome proteins. 49 Of note, Pex19 was detected in fractions enriched for both mitochondria (Tom22) and peroxisome (Pex14) proteins while the fractions themselves were rather free from cross contaminations by the other organelle ( Figure 9D ). Thus, in agreement with the dual localization of its
substrates, it appears that Pex19 can be associated with both mitochondria and peroxisomes. The intensities of the Gem1-HA signal from three independent experiments as those presented in the upper panels are presented as mean percentage. The levels of Gem1-HA from the whole cell lysates were normalized to those of Bmh1 whereas the mitochondrial levels of Gem1-HA were normalized to those of Porin. (C and D) WT, pex19Δ and WT + Pex19" cells were transformed with a plasmid encoding GFP-Gem1(TMS). Whole cell lysates (C) or mitochondria-enriched fractions (D) of three colonies of these cells were analyzed by SDS-PAGE and immunodecoration with the indicated antibodies. Lower panels: The intensities of GFP-Gem1(TMS) signal from three independent experiments as in the upper panels are presented as mean percentage of their levels in whole cell lysate and mitochondria of WT cells. The levels of GFP-Gem1-TMS from the whole cell lysates were normalized to those of Hexokinase whereas the mitochondrial levels of Gem1-HA to those of Tob55. Error bars represent AESD. *, P < 0.005 that, in semipermeabilized HeLa cells, the import of Bak is dependent on addition of reticulocyte lysate. 22 However, further studies could not identify a dedicated chaperone and/or guiding factor for the MOM TA proteins. As some other mitochondrial proteins are known to require Hsp70/90 chaperones (only Hsp70 in yeast) for import, 39, 45 it was hypothesized that Hsp70 chaperone complexes might fulfill this role. 2 Here, we show that the yeast Hsp70 chaperones Ssa1/Ssa2 are indeed required for the proper biogenesis of the TA protein Fis1. Considering the high redundancy of the four Ssa family chaperones and the high sequence similarity between Ssa1 and Ssa2, 50 it is hard to identify the exact Fis1 interactor(s) within this family.
The As a putative alternative route for the Hsp70-mediated pathway,
we investigated the involvement of Pex19. This cytosolic protein was shown to interact and guide dual-localized proteins ATAD1, GDAP1
and Fis1 to peroxisomes in mammalian cells. 43, 58, 59 Here, we demon- In addition to the reduced mitochondrial levels of TA proteins, pex19Δ cells display altered mitochondrial morphology that in some cases is similar to the one of fis1Δ cells. This indicates that at least some of the mitochondrial morphology changes caused by the deletion of PEX19 can be linked to the reduced levels of mitochondrial Fis1. Furthermore, the growth of pex19Δ cells under respiratory conditions is slightly impaired and this growth phenotype becomes more severe at elevated temperatures. Thus, we conclude that Pex19 is required for optimal mitochondrial function, especially upon heat stress when proteins require chaperones as the danger of aggregation is higher.
62
A recent study employing Drosophila melanogaster and human fibroblasts has linked mitochondrial dysfunctionality in PEX19 deletion cells with a detrimental cycle of transcriptionally activated constant fatty acid synthesis and mitochondrial β-oxidation. 63 Although this study suggests an interesting link between peroxisomes/lipid droplets and mitochondria, a similar conclusion cannot be drawn for yeast cells because they do not possess a homologous transcriptional regulation mechanism, which can be responsible for the vicious cycle, and yeast were lysed with Triton X-100 and incubated with recombinant GST alone or GST fused to Pex19, prebound to glutathione beads. After washing, bound material was eluted and proteins were analyzed by SDS-PAGE, blotting onto a membrane, and either detection with the indicated antibodies or Ponceau staining. Mito. Lysate, 1% of mitochondrial lysate used for binding; wash, 0.5% of washed material; elution, 20% of bound material; M, a lane with molecular size marker proteins. In lanes indicated "recombinant protein," the input of the recombinant proteins added to the beads and the unbound material are shown mitochondria do not perform β-oxidation. Hence, although currently it is unclear how Pex19 supports mitochondrial functionality, it is tempting to speculate that this is related to import of TA proteins into the MOM.
Several options can be envisaged how Pex19 supports the import of Fis1 and Gem1 into the MOM. Pex19 can either keep TA proteins in an import-competent conformation before they associate with the MOM in a Pex19-independent manner, 16, 64 or it can deliver them directly to the membrane and thus participates in their actual membrane insertion ( Figure 10, pathway 3 Lower panel: the intensities of the various bands were quantified and depicted. The sum of intensities for each protein in all fractions was set to 100% FIGURE 10 Possible pathways for the cytosolic targeting of mitochondrial TA proteins. All mitochondrial TA proteins are synthesized in the cytosol. Then, they can be directed to the mitochondria in an unassisted manner (pathway 1). Alternatively, they can be stabilized by cytosolic Hsp70 and its cochaperone (pathway 2) before the chaperone-substrate complex will move toward the mitochondrial surface (pathway 2a). An additional possibility is the interaction with Pex19 (pathway 3) followed directly by an unassisted integration into the MOM (pathway 3a) or an association of Pex19 with the MOM lipid bilayer and/or a, yet unknown, receptor before membrane integration (pathway 3b, c). Yet, a further possibility are sequential interactions of substrate proteins first with either Hsp70 or Pex19 and then with the other chaperone (pathway 2b) additional solely mitochondrial TA proteins, also do not possess a highly charged tail necessary for Pex19 interaction. 7 Along the same line, the charges of the third mitochondrial TA protein Tom5 are dispensable for its targeting and insertion in yeast, whereas the opposite could be demonstrated for Fis1. 26 Hence, the TA proteins that are targeted exclusively to mitochondria seem to follow a Pex19-independent biogenesis pathway.
The origins of the MOM and peroxisome proteome are currently under debate. Some views suggest that part of the peroxisome proteome or even the peroxisomes themselves originate from mitochondria. 67 Our findings that biogenesis of dual-localized TA proteins is dependent on the same cytosolic factor, Pex19, strengthens the con- Table S1 .
Yeast strains were grown in either rich YP medium containing 1% were amplified using pYX122-HA-GEM1 as a template and inserted into pYX142-GFP using BamHI and HindIII restriction sites. The sequence encoding endogenously expressed N-terminally HA-tagged Gem1 was inserted into the pRS316 vector. The promotor and terminator sequence of Fis1 were PCR amplified using yeast genomic DNA as a template and introduced into the vector, first the promotor using the SpeI and SmaI restrictions sites, and then the terminator, using the HindIII and XhoI restriction sites. Later, the HA sequence was amplified from a pYX142 vector and inserted between two SmaI cutting sites. Finally, the GEM1 sequence was amplified from pYX132-GFP-GEM1 by specific primers and inserted between the SmaI and HindIII sites. The pGem4T-GEM1 was constructed by subcloning GEM1 from pYX132-GFP-GEM1 into pGem4T using BamHI and HindIII restriction sites. A list of all used plasmids and primers is included in Table S1 .
| Biochemical procedures
Mitochondria were isolated from yeast cells grown on sucrosecontaining media as described previously. 70 Isolation of mitochondriaenriched fractions was performed according to an established protocol. 41 Prior to such isolation, Ssa2-4Δ + SSA1wt and Ssa2-4Δ + SSA1ts cells were grown at 24 C (permissive temperature) and shifted for 4 hours to 37 C (nonpermissive temperature). Whole cell extracts were isolated according to the alkaline extraction method. For isolating and later separating mitochondria from peroxisomes, a peroxisome isolation approach has been performed followed by sucrose gradient. 49 Yeast extract was obtained according to published protocol. 71 Protein stability was monitored by growing a 50 mL yeast culture to OD 600 = 1.0. Then, the translation inhibitor cycloheximide was added to a concentration of 100 μg/mL and 10 mL of the cells culture were collected by centrifugation (3000g, 5 minutes) after 1, 2 and 4 hours of incubation with the inhibitor and then washed with 10 mL of water. 
| Immunodecoration and quantification of protein bands

| Pull-down assay
Mitochondrial TA proteins were pulled down with either purified GST-tagged Pex19 or GST alone (as control). For that goal, 30 μL of Glutathione Sepharose 4B slurry was washed thrice with 1 mL GST basic buffer (500g, 1 minute, 4 C). Subsequently, 7 nmol of GST or GST-Pex19 were resuspended in 1 mL GST basic buffer supplemented with 1x protease inhibitor cocktail (Roche) and added to the beads.
The mixture was incubated for 2 hours at 4 C. Unspecific sites on the Glutathione Sepharose beads were blocked by incubating the beads for 2 hours at 4 C with 3% BSA in wash buffer harboring 0.6 M sorbitol, 10 mM Tris, supplemented with 1× protease inhibitor cocktail (Roche), pH 7.4. Mitochondria were lysed by incubating them for 1 hour at 4 C in 600 μL of GST basic buffer containing 0.5% Triton X-100 and supplemented with 1× protease inhibitor cocktail (Roche).
The solution was centrifuged (30000g, 25 minutes, 4 C) and the supernatant (containing solubilized proteins) was loaded on the beads. Proper import of pSu9-DHFR and Aac was confirmed by subjecting the mitochondria to Proteinase K (PK) treatment. Membrane integration of Gem1 was monitored by alkaline extraction.
| Inactivation of the Hsp40/Hsp70 complex
The activity of the chaperone Hsp70 was inhibited in some cases by the addition of Mal3-101. 11, 40, 72 The inhibitor was solubilized in dimethyl sulphoxide (DMSO) to a concentration of 5 mM and added to the radio- 
